DESIGN AND PROCESS OF 3D-PRINTED PARTS USING COMPOSITE THEORY by Garcia, Jordan
University of Kentucky 
UKnowledge 
Theses and Dissertations--Mechanical 
Engineering Mechanical Engineering 
2019 
DESIGN AND PROCESS OF 3D-PRINTED PARTS USING 
COMPOSITE THEORY 
Jordan Garcia 
University of Kentucky, jga246@g.uky.edu 
Author ORCID Identifier: 
https://orcid.org/0000-0002-5328-4882 
Digital Object Identifier: https://doi.org/10.13023/etd.2019.418 
Right click to open a feedback form in a new tab to let us know how this document benefits you. 
Recommended Citation 
Garcia, Jordan, "DESIGN AND PROCESS OF 3D-PRINTED PARTS USING COMPOSITE THEORY" (2019). 
Theses and Dissertations--Mechanical Engineering. 144. 
https://uknowledge.uky.edu/me_etds/144 
This Master's Thesis is brought to you for free and open access by the Mechanical Engineering at UKnowledge. It has 
been accepted for inclusion in Theses and Dissertations--Mechanical Engineering by an authorized administrator of 
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 
STUDENT AGREEMENT: 
I represent that my thesis or dissertation and abstract are my original work. Proper attribution 
has been given to all outside sources. I understand that I am solely responsible for obtaining 
any needed copyright permissions. I have obtained needed written permission statement(s) 
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing 
electronic distribution (if such use is not permitted by the fair use doctrine) which will be 
submitted to UKnowledge as Additional File. 
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and 
royalty-free license to archive and make accessible my work in whole or in part in all forms of 
media, now or hereafter known. I agree that the document mentioned above may be made 
available immediately for worldwide access unless an embargo applies. 
I retain all other ownership rights to the copyright of my work. I also retain the right to use in 
future works (such as articles or books) all or part of my work. I understand that I am free to 
register the copyright to my work. 
REVIEW, APPROVAL AND ACCEPTANCE 
The document mentioned above has been reviewed and accepted by the student’s advisor, on 
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of 
the program; we verify that this is the final, approved version of the student’s thesis including all 
changes required by the advisory committee. The undersigned agree to abide by the statements 
above. 
Jordan Garcia, Student 
Dr. Y. Charles Lu, Major Professor 
Dr. Alexandre Martin, Director of Graduate Studies 
 
 
DESIGN AND PROCESS OF  
3D-PRINTED PARTS USING COMPOSITE THEORY 
 
 
________________________________________ 
 
THESIS 
________________________________________ 
A thesis submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Mechanical Engineering 
in the College of Engineering at the 
University of Kentucky 
 
 
By 
Jordan Garcia 
Lexington, Kentucky 
Director: Dr. Y. Charles Lu, Professor of Mechanical Engineering 
Lexington, Kentucky 
2019 
 
 
 
Copyright © Jordan Garcia 2019 
https://orcid.org/0000-0002-5328-4882 
 
  
ABSTRACT OF THESIS 
DESIGN AND PROCESS OF  
3D-PRINTED PARTS USING COMPOSITE THEORY 
 
3D printing is a revolutionary manufacturing method that allows the productions of 
engineering parts almost directly from modeling software on a computer. With 3D printing 
technology, future manufacturing could become vastly efficient. However, it is observed 
that the procedures used in 3D printing differ substantially among the printers and from 
those used in conventional manufacturing. In this thesis, the mechanical properties of 
engineering products fabricated by 3D printing were comprehensively evaluated and then 
compared with those made by conventional manufacturing. Three open-source 3D printers, 
i.e., the Flash Forge Dreamer, the Tevo Tornado, and the Prusa, were used to fabricate the 
identical parts out of the same material (acrylonitrile butadiene styrene). The parts were 
printed at various positions on the printer platforms and then tested in bending. Results 
indicate that there exist substantial differences in mechanical responses among the parts by 
different 3D printers.  Specimens from the Prusa printer exhibit the best elastic properties 
while specimens from the Flash Forge printer exhibit the greatest post-yield responses. 
There further exist noticeable variations in mechanical properties among the parts that were 
fabricated by the same printer. Depending on the positions that the parts were placed on a 
printer platform, the properties of resultant parts can vary greatly. For comparison, identical 
parts were fabricated using a conventional manufacturing method, i.e., compression 
molding.  Results show that compression molded parts exhibit more robust and more 
homogeneous properties than those from 3D printing. During 3D printing, the machine 
code (e.g., the Gcode) would provide the processing instructions (the x, y, and z coordinates 
and the linear movements) to the printer head to construct the physical parts.  Often times 
the default processing instructions used by commercial 3D printers may not yield the 
optimal mechanical properties of the parts.  In the second part of this thesis, the orientation-
dependent properties of 3D printed parts were examined. The multi-layered composite 
theory was used to design the directions of printing so that the properties of 3D printed 
objects can be optimized.  Such method can potentially be used to design and optimize the 
3D printing of complex engineering products. In the last part of this thesis, the printing 
process of an actual automobile A-pillar structure was designed and optimized. The finite 
element software (ANSYS) was used to design and optimize the filament orientations of 
the A-pillar. Actual parts from the proposed designs were fabricated using 3D printer and 
then tested. Consistent results have been observed between computational designs and 
experimental testing. It is recommended that the filament orientations in 3D-printing be 
“designed” or “tailored” by using laminate composite theory. The method would allow 3D 
printers to produce parts with optimal microstructure and mechanical properties to better 
satisfy the specific needs. 
 
KEYWORDS: 3D printing, Anisotropic behavior, Compression molding, Finite element 
Analysis, Optimization.  
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Chapter 1: Introduction 
 
1.1 Background 
Manufacturing has always been synonymous with large factories, expansive machine tools, 
and sophisticated production lines. However, a new technology could revolutionize the 
sector. Three-dimensional (3D) printing, also known as additive manufacturing (AM), is a 
revolutionary manufacturing method that allows the productions of engineering parts 
almost directly from modeling software on a computer. With 3D printing technology, 
future manufacturing could become vastly more efficient. In fact, The Economist 
contended in a report that 3D printing may well create “a third industry revolution” (The 
Economist, 2012).   
3D printing mainly consists of designing a part with a computer aided design (CAD) model 
and converting it into a stereolithography (STL) file. This STL file is then created into a 
set of instruction for the printer to follow. In the printer, the solid polymer filament – the 
construction material – heats up into liquid and extrudes through a nozzle onto the build 
platform. The nozzle moves around horizontally and vertically to deposit a new layer on 
top of the previous one. Therefore, the 3D printing method is also referred to the “layered 
manufacturing” method. Figure 1.1 illustrates the general manufacturing process of 3D 
printing (Ahn et. al, 2002).  
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Figure 1.1 General schematic of the 3D printing Manufacturing process (Ahn et. al, 
2002). 
 
Previously, manufacturers have used 3D printing primarily for producing prototypes, 
models, and minor parts that are unfeasible to build with traditional processes. Now they 
have begun to utilize this technology for producing actual engineering products.  Major 
aerospace contractors, including Boeing and Airbus, now utilize 3D printing to develop 
assembly parts that result in structurally efficient and fuel efficient planes (Bullinger, 
2009). Uses of the method within the automotive industry now include concept modeling, 
rapid manufacturing, functional testing, and production planning (Frost & Sullivan, 2007). 
3D printing has also proven valuable in the development of miniature and functionally 
integrated devices in the electronics industry (Gausemeier, 2011).  Developments of 3D 
printing could revolutionize health care in the biomedical industry; rising applications in 
this field include producing prosthetics, implants, and functional artificial tissue, all of 
which can be customized for individual patients (Mayer - Brown, 2013). 3D printing 
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provides several major advantages to manufacturers in these industries, such as the ability 
to produce more intricately designed parts, a quicker production time, and a reduction in 
waste products and energy consumption (Syed, 2015). Consumers can also benefit from 
3D printing, including the personalization of products, on-demand manufacturing, and the 
localization of production (Syed, 2015). However, the process also presents challenges to 
manufacturing, including intellectual property issues and a limited choice of materials and 
product size compared to traditional manufacturing (Syed, 2015). 
 
1.2 Objectives of the Thesis 
The revolutionary applications of 3D printing stem from its distinct differences from 
traditional manufacturing techniques. Most notably, 3D printing and traditional 
manufacturing techniques differ substantially in processes and requirements. Traditional 
manufacturing methods, including compression or injection molding, often require high 
operation temperatures and high pressures. The use of heat causes solid material to melt 
into liquid form and flow freely; the use of pressure eliminates air bubbles within the 
material. The conditions for traditional manufacturing theoretically lead to the production 
of products uniform in properties and free of defects (Callister Jr., 1991).  
In comparison, 3D printing primarily involves a “layered manufacturing” technology that 
forms a three-dimensional part by layering down successive layers of material on a 
platform by a 3D printer (Syed, 2015).  Unlike the parts made by traditional manufacturing 
techniques, the formation of the part itself in 3D printing does not involve a consistent high 
temperature or any pressure. Therefore, the material in 3D printed parts may not be closely 
packed and could contain structural “voids.” Furthermore, the 3D printed parts inherently 
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exhibit “layered” structures and thus may not have the uniform properties as compared to 
the parts made by traditional techniques.  
The objectives of this research are to: (1) evaluate the mechanical properties of engineering 
parts made by 3D printing and compare them to the properties of the parts made by 
traditional manufacturing methods, (compression molding), (2) analyze the orientation 
dependency of mechanical properties of 3D printed layer by using the classical Laminate 
Composite Theory, and (3) develop the optimized 3D printing process to design and 
fabricate actual engineering components.  
1.3 Organization of the Thesis 
Chapter 2 of this thesis presents a review of literatures concerning the recent developments 
of 3D printing technology.  Chapter 3 focuses on a comprehensive evaluation of 
mechanical properties of 3D printed parts and compression molded parts. The commonly 
used engineering plastics, acrylonitrile butadiene styrene (ABS), was used for the project.  
Parts were printed from multiple 3D printers and also fabricated from a conventional 
compression molding method. Chapter 4 is the designing and optimizing of the 3D printing 
process by utilizing the classical laminate composite theory.  Since the 3D printing process 
is essentially a “layered manufacturing” process, the orientation of each layer can be 
evaluated and thus optimized. In Chapter 5, an actual engineering part, an automobile 
structural pillar, was produced by 3D printing. The optimal designs of the pillar were first 
explored using a computational method (the finite element method) and then realized using 
3D printing. Chapter 6 highlights the overall findings from the present research and 
proposes some future work.     
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Chapter 2: Literature Review 
 
2.1 Introduction to 3D printing 
3D printing (or additive manufacturing) can produce parts with complex geometries 
considered un-manufacturable by conventional means in a cost effective and quick manner. 
As a result, 3D printing is commonly used as a method for low-cost rapid prototyping of 
both polymers and metallic alloys. The ability to physically inspect a part without the need 
of an expensive mold or costly machining has led to 3D printing playing a part in the design 
and prototyping phases (Kamble et al, 2018). The term 3D printing covers a variety of 
manufacturing methods such as: Fused Deposition Modeling (FDM), Stereolithography 
(SLA), Digital Light Processing (DLP), Selective Laser Sintering/Melting (SLS/SLM), and 
Laminated Object Manufacturing (LOM). 
The FDM process consists of a spool of filament material being fed into a heated extrusion 
nozzle. This process of using a heated extruder could use virtually any thermoplastic 
filament material (Choi et al, 2010). The filament material is melted and deposited on a 
print bed in layers to form the product as seen in Figure 2.1. These layers typically consist 
of continuous strands placed along another in a specified pattern. The distance between the 
strands of material that make the layers is directly associated with the infill density and part 
quality. The quality of a print can be edited via user input to produce smaller layers at the 
cost of more production time. The smaller layers assist the printer to better capture the 
geometries of the desired part (Nadiyapara et al, 2017) as demonstrated in Figure 2.2. The 
patterns in the material also vary based on user input such that it can be optimized for 
strength or production speed. The movement of the filament strands is controlled by a 
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combination of controllers typically a motor driven belt or screw mechanism moving either 
the extrusion head and/or the entire build plate.  
 
Figure 2.1:schematic of how the bulk filament material is extruded in several layers to 
construct the desired part. (Nadiyapara et al, 2017) 
 
 
Figure 2.2: The effect of the layer height and quality of a print to capture the geometry 
desired. (Commonly referred to as the stair stepping effect.) 
 
Stereolithography (SLA) is the use of focused laser beams on the surface of a vat of liquid 
photopolymer to produce 3 dimensional solid objects (Gooch et al, 2007). The 
photopolymer gets solidified by the laser and creates a single layer similar to the FDM 
method. The solid layer is then lowered into the liquid and the next layer is solidified atop 
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the previous layer and adheres to it as seen in Figure 2.3. The laser is used to irradiate and 
cure the polymer and is controlled by a dynamic system of mirrors. These mirrors control 
the direction of the beam and “write” the cross section of the model on the polymer surface 
(Bártolo and Lenz, 2006). Similarly to the FDM method, stair stepping effects are 
noticeable if the surface is not perpendicular to the laser beam and the layer thickness is 
higher. The SLA method however, requires another step of post-processing for the removal 
of excess material to make it safe to handle. This includes rinsing with water as well as 
rinsing with ethyl alcohol before removing supports. 
 
 
Figure 2.3: schematic of the stereolithography method of 3D printing. 
 
Digital Light Processing (DLP) is based on micro-electro-mechanical technology that uses 
a digital micro-mirror device (Thrasher, et al 2017). Instead of using a single concentrated 
laser, DLP uses UV light reflected by micro mirrors unto the liquid photopolymer. The 
product is sliced into “pixels” where the position of the mirror determines if the “pixel” of 
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material is cured (See Figure2.4). The light penetration is enough to allow good adherence 
between layers, and a fine part resolution can be achieved if there are enough mirrors to 
have a high “pixel” count. A major limitation to DLP is the lack of available materials. 
There simply are not many photo-curable stable resins with the correct optical transparency 
(Monzón, et al, 2017). While the materials are quite limited, DLP can create micro-
components such as microfluidic valves and pumps. Due to the use of micro mirrors, DLP 
can create exceptionally small parts assuming the mirrors provide a high enough resolution. 
 
Figure 2.4: The UV light is distributed by the projector and the material is cured onto the 
build surface for the DLP manufacturing process. (Kim Bae et al, 2016) 
 
While Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) do vary slightly, 
they essentially use the same concept for production. A bed of powder is leveled, and a 
laser beam irradiates and solidifies the powder as seen in Figure 2.5. Then the bed is 
lowered, and a fresh layer of material powder is spread atop the previous layer. The laser 
beam then solidifies the new layer, adhering it to the previous layer beneath it (Carter et al, 
2015). The major difference between the sintering and melting methods is the materials 
used and how the layers are adhered to one another. SLS allows for the control of material 
Light curing resin 
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porosity by optimizing material selection, powder modification and by optimizing process 
parameters (Yuan et al, 2017). The porosity control allows for the creation of membranes 
for micro filtration due to its selective permeability. Laser sintered parts often exhibit weak 
mechanical properties, dimensional inaccuracy, and poor surface roughness, due to the 
powder only being sintered together and not fully adhered to itself (Singh et al, 2017). SLM 
fully melts the powdered material together, resulting in a non-permeable product. Using 
standard metallic/polymer powders, the layers fully adhere to one another and as a result 
the product has an approximated density of 100%. The advantage to SLM is the mechanical 
properties of the printed parts can effectively match parts created by conventional methods 
(Bremen et al, 2012).  
 
Figure 2.5: Selective Laser Sintering/Melting process showing a powder bed containing 
the unfinished part being lowered, whilst the new layer of powder is spread atop. (Kerns, 
2015) 
 
Lastly, Laminated Object Manufacturing (LOM) is the combination of multiple sheets of 
a rolled material that are attached to create the desired part. Figure 2.6 shows how a roll of 
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bulk material is rolled to the building platform and a laser removes the contour of the shape 
(Oliver et al, 2017).  The layers are then glued to each other using commercial adhesives 
and a compact layered block is formed. The LOM method is attributed to have a high 
dimensional accuracy and an easily predictable surface roughness. Layer thickness and 
system temperature were the most influential parameters for surface finish, and a 
mathematical expression to predict surface roughness was developed for LOM products. 
This can be considered an advantage over other additive manufacturing techniques as the 
parts surface roughness can be mathematically predicted before production (Daekeon et al, 
2012). 
 
Figure 2.6: LOM method of manufacturing using laser cut contours of a bulk sheet 
material to create layers later adhered to create the product (Oliver et al, 2017). 
 
The most common method of 3D printing is the Fused Deposition Modeling, and thus the 
FDM method is used for testing and sample production in the later chapters. There are 
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typically two main types of movement configurations for FDM 3D-printers, the Cartesian 
and Delta configurations as seen in Figure 2.7 (Borreli, 2018). The Cartesian configuration 
consists vertical and planar movements, typically the vertical movement is in-dependent of 
the planar movements. An example is the cartesian movement in Figure 2.7 with planar 
movements controlling the bed while the vertical movement is controlling the extrusion 
head. The opposite can also be found with planar movements controlling the extrusion head 
and vertical movements controlling the bed depending on the manufacturer. For the Delta 
configuration all controller movement is placing the extrusion head while the bed stays 
stationary. 
 
Figure 2.7: Visual representation of how both cartesian and delta configurations operate 
to deposit filament strands. (Borrelli, 2018) 
 
The movement of the motors can vary for each machine, yet most machines use the same 
numerical control language G-Code. The G-code is generated using what’s known as a 
slicing software. The slicing software turns a three-dimensional object into several "layers" 
that make up the desired structure by "slicing" it. Each layer then is converted into several 
linear movements that the 3D-printer can follow known as the G-code, an example being 
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in Figure 2.8. The G-code then commands the movement of the motors to precisely deposit 
the filament material and forms the final product. 
 
Figure 2.8: Example of how the G Code numerical instructions relate to the 
movements/actions of the 3D printer. (Kamble et al, 2018) 
 
The process begins with the part being modelled in a CAD program by updating an 
engineering drawing, or by being directly created into the CAD program using the creators’ 
vision for a design. Once the 3D model is created, it is then exported to a file type 
compatible with a slicing software (I.E. STL or OBJ). The slicing software breaks down 
the CAD file by "slicing" it into multiple digital horizontal layers. Each layer is then turned 
into a series of linear movements for the 3D-printer to follow (Lechowicz et al, 2016). The 
linear movements themselves would depend on several user inputs (i.e. infill type, and 
density) so the focus will mainly be on the generation of the movements for the 3D-printer. 
The movement instructions are collectively called the G-code which is used for many 
manufacturing purposes (Koda and Tanaka, 2017). The G-code is the instructions read by 
the 3D-printer to command the various servos moving the extruding head as well as 
commanding the extruder to place material on the printing surface. 
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2.2 The CAD software used in 3D printing 
The first step in creating a 3D printed object is creating a model in a CAD software Figure 
2.9. There are several different software systems for both CAD modeling and the slicing 
phases. CAD software allows for the creation and communication and storing of design 
information. The optimization of a design can be easily and accurately performed by the 
computer while also allowing modifications to be performed efficiently (Oladosu et al, 
2019). The use of computer aided design has been attributed to significantly reducing 
design project costs, decreased working hours for design, and reductions in inconsistencies 
in designs. CAD has been used in industry extensively for the past few decades, and thus 
there are several major competitors providing CAD software.  Dassault Systèmes SE 
provides SOLIDWORKS, Autodesk, Inc provides AUTOCAD, Autodesk Inventor and 
AUTODESK123D, and PTC Inc provides Creo parametric.  These CAD software’s are 
often used in industry but can be costly, thus there is a growing trend to utilize free-ware 
or open source alternatives such as Onshape and FreeCAD (Junk and Kuen, 2016). These 
software’s can greatly vary in many aspects, one of which being that they can vary in 
capabilities and restrictions for multidisciplinary uses (Heikkinen et al, 2018). This 
meaning that since different CAD software’s use different techniques for generating and 
exporting the same geometries, the CAD software used could potentially affect the end 
result of the 3D printed object.  
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Figure 2.9: visual representation of the 3D printing process beginning with the CAD 
model. (Koda and Tanaka, 2017) 
 
While typically commercial CAD software has a higher scope of functions, some free CAD 
version can have a higher ease of use (Figure 2.10). CAD software such as Onshape has 
limited capabilities when compared to the larger Solidworks or AutoCAD software’s, but 
its greater usability for 3D printing makes it an attractive option (Junk and Kuen, 2016). 
This ease of use could potentially decrease the amount of time needed for constructing 
models and ultimately reduce the amount of time to 3D print an object. Once the model is 
completed, CAD software’s typically need to export a Standard Triangular Language 
(.STL) or an Additive Manufacturing File (.AMF) file type of the model for the slicing 
software (Ariffin et al, 2018).  
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Figure 2.10: Visual representation of an evaluation of pros/cons for various free CAD 
software (Junk and Kuen, 2016)  
 
2.3 The slicing software used in 3D printing 
While the CAD software can affect a 3D-printed part significantly, the majority of 
differences in 3D printed parts is within the slicing software (Baumann et al, 2017). The 
slicing software converts the imported CAD model (typically in a .STL or .AMF file) into 
G-code the printer can follow. This is done by creating a set of two-dimensional domains 
by intersecting the inputted CAD model with evenly spaced parallel planes. These two-
dimensional domains are then stacked atop one another to represent the full model (Adams 
and Turner, 2017). Each plane is then deconstructed into a series of linear movements that 
will create the object profile with a desired preference (Figure 2.11). The slicer software 
then combines the linear movements into a single path for the 3D-printer to follow, 
effectively creating the G code that is uploaded to the 3D-printer. 
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Figure 2.11: The slicing software creates several individual parallel layers that are 
combined to form the original geometry. (O'Shea, 2018) 
 
Another responsibility of the slicing software is to create what is known as support 
material. The support material can vary in use from preventing collapses due to large 
overhangs to helping a print adhere to the building surface. Most slicing software’s have 
an auto-generate support material feature. This would place pillars or tree-like structures, 
(depends on user input and software capabilities), underneath parts of the print where the 
overhang angle would be great enough to cause print failure. To assist in remaining adhered 
to the build plate, a skirt/brim can be used to increase the surface contact as seen in Figure 
2.12. The supporting material will then have to be removed from the final product manually 
before it can be used. 
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(A) (B)  
Figure 2.12: (A) The gray support material supports the steep overhangs in the geometry 
and the purple skirt/brim helps ensure that the object remains properly adhered to the 
build platform. The final product (B) would then need to have the support material 
removed. (3DPlatform.com) 
 
 The G code contains the 3D printer information for movements as well as the extrusion 
temperature and whether the build plate should be heated. These preferences for a printed 
part (print temperature, speed, quality) are all controlled by the slicing software via user 
input from the software’s user interface. Some examples of user-controlled printer settings 
include the following: 
Print temperature controls the temperature at which the extruder is heated for the bulk 
filament to be fed through.  
Layer height controls the Z-axis movement of either the extruder head or build platform 
(depends on model of printer) after each layer is formed.  
Infill density is a percentage wise input that condenses the infill of the printed part 
increasing its density. Higher density part often exhibits greater mechanical properties but 
is more time consuming. 
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Infill pattern depicts the geometry the printer follows to fill the outline of the model. 
Common examples include the hexagonal “honeycomb” pattern, or the triangular infill, or 
the linear/rectilinear infill patterns that use only straight lines. When subjected to a 100% 
infill density, some 3D printers automatically default to the linear/rectilinear print infill 
pattern. 
Print speed is often separated into different categories for different sections of the print, 
infill print speed, perimeter print speed, and travel speed. Infill print speed controls the 
speed (in mm/s) at which the extruder moves when printing the infill of the part. Perimeter 
print speed controls the speed at which the outer shell of the product is printed. A slower 
perimeter speed can often result in a more aesthetic finish on the outside of the print. Travel 
speed controls how quickly the printer servos are to move into position to begin printing. 
Travel speed also controls the velocity of movements between discontinued sections of a 
print. 
While the preferences in the slicing software can affect the 3D printed part, the slicing 
software itself also plays a significant role. It is shown that different slicing software’s 
provided different dimensional tolerances and aesthetic finishes even though the input 
parameters are the same (Baumann et al, 2017). This is due to the slicing algorithms used 
by each software. Figure 2.13 shows how the same geometries would be constructed using 
different G code operations despite using the same 3D printer. While the aesthetic 
differences are clearly visible, the mechanical differences are lesser understood. 
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Figure 2.13: While the same geometries and print conditions are used, the slicing 
software uses different G code commands for the printer to follow. (Baumann et al, 2016) 
 
Overall the slicing software plays a considerable role in the 3D printing process as it creates 
the G code instructions for the printer to follow. It can be used to set the user preferences 
such as slower prints for more aesthetic parts, or higher infill densities for stronger 
products. While the different slicing software’s share the same purpose of generating the 
3D printer instructions, it should be noted that they produce these instructions differently. 
Exactly how the changes in the G code effect the 3D printed parts mechanical properties is 
difficult to understand as they often have anisotropic properties. 
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2.4 Anisotropic behaviors of 3D printed parts 
Traditionally manufactured metallic and polymer products are often homogenous and 
mostly isotropic. The use of enclosed and pressurized system allows processes such as 
compression molding to produce homogenous products. 3D printing is often exposed to 
the environment at atmospheric pressure, this can lead to imperfections or inconsistencies 
in the product Figure 2.14. These inconsistencies in the final product can cause the part to 
exhibit highly anisotropic mechanical properties (Monzón et al, 2017). There is currently 
not a universal method for predicting a 3D printed objects mechanical properties without 
physically testing a finished sample. Physical tests (such as tensile and bending testing) 
often conclude after a part has failed or suffered irreversible damage. This would then 
require the production of several test pieces that would greatly increase production time. 
After the testing is concluded, the mechanical properties of the product might not meet the 
desired specifications and modifications would need to be made. The modified product 
would then need to be tested as well, and this “guess and check” method could prove costly 
and drastically increase production time. Thus an empirical or computational method of 
determining a 3D printed objects mechanical properties could prove valuable.  
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(A) (B)  
Figure 2.14: (A) Compression molded products are often produced in an enclosed 
pressurized mold. (B) 3D printed products are often exposed to the surrounding 
environment at atmospheric pressure. (Techminy.com) 
Several approaches have been taken to reduce the anisotropy of these parts or better 
understand them. One such method is the use of ionizing radiation to strengthen the parts 
and reduce anisotropy in already commonly used 3D printer materials (Shaffer et al, 2014). 
A benefit of this method is that the only change in the additive manufacturing process is 
the addition of a post-process radiative curing step. Other methods such as the development 
of new materials with reduced anisotropy have been explored as well (Torrado and 
Roberson, 2016). This method removes the necessity of a post processing step for curing 
the material and severely reduces the anisotropy of the 3D printed parts; however, this 
method is limited due to its use of multiple materials making it difficult to meet tolerancing 
requirements. Other less intrusive methods of increasing the mechanical properties have 
been explored such as determining optimal build orientations. The orientation and 
placement of the sample can have a significant effect on how anisotropic the 3D printed 
product responds (Torrado, 2015). Printing a sample with a horizontal orientation (XYZ) 
can improve a products accuracy and reliability and is simpler to create when compared to 
its vertical counterpart (ZXY) Figure 2.15. While the orientation does not change the 
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anisotropy of a printed part, it can help in utilizing the anisotropic behavior and optimizing 
a 3D printed part for specific loading conditions.  
 
 
 
Figure 2.15: The orientation differences in a horizontal (XYZ) and vertical (ZXY) sample 
can result in changes accuracy and reliability when printed. (Torrado and Roberson, 
2016) 
 
A similar method is the orienting of the 3D printed objects geometry such that its layers 
are parallel to the direction of loading (see Figure 2.16). This alignment of the parts layers 
ultimately led to a greater impact and tensile strength than randomly oriented 3D printed 
parts (Es-Said et al, 2000). This result agrees with the conclusion made by Torrado and 
Roberson with the horizontal build orientation. In both these studies a 3D printed object 
with the layers facing the direction of loading outperforms another object with either 
randomly oriented layers or perpendicular such as in the vertical sample. 
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Figure 2.16: The mechanical properties of 3d printed objects was found to be greatest 
when its layers were oriented at a along the direction of the applied force. 
 
Whilst geometry orientation can help with improving mechanical properties for certain 
loading conditions, there are several other factors that can affect a parts mechanical 
properties. The or infill density or infill patterns can result in drastic mechanical response 
changes while improper adhesion of layers could result in early product failure. Overall the 
complex responses of 3D printed objects can prove to be a major disadvantage when 
compared to traditional manufacturing techniques; however, there is research being 
conducted into trying to be able to predict the mechanical properties before production 
begins. 
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Chapter 3: Mechanical Properties Evaluation of 
Conventionally 3D Printed Products and Comparison 
with Traditional Manufacturing 
 
3.1. Introduction 
Three-dimensional (3D) printing, also known as additive manufacturing (AM), is a 
revolutionary manufacturing method that allows the productions of engineering parts 
almost directly from modeling software on a computer. 3D printing begins with 
someone drawing an object on a computer; this is done on a computer aided design 
(CAD) software system. The object is then saved/exported on the computer as a 
stereolithography (STL) file. Next, a different type of software called a slicer is 
used to open the STL file and slice the object into multiple digital horizontal layers. 
The slicer generates the instructions for the 3D printer to follow in order to print 
the part. The instructions are collectively called the g-code (Koda and Tanaka, 
2017). The model is then sent to a 3D printer which prints the object (Figure 3.1). 
 
Figure 3.1: Overview of 3D printing process from CAD model to final part. 
25 
 
It’s clear that the 3D printing process is distinctly different from traditional 
manufacturing techniques. Traditional manufacturing methods, including 
compression or injection molding, require high operating temperatures and 
pressures. The use of heat causes solid material to melt into liquid form and flow 
freely; the use of pressure eliminates air bubbles within the material. The conditions 
for traditional manufacturing theoretically lead to the production of products 
uniform in properties and free of defects (Callister Jr., 1991). In comparison, 3D 
printing primarily involves “layered manufacturing” technology that forms a three-
dimensional part by layering down successive layers of material on a platform by a 
3D printer, although the process varies slightly amongst different methods (Syed, 
2015).  Unlike the parts made by traditional manufacturing techniques, the formation 
of the part itself in 3D printing does not involve in high temperature or high pressure. 
Therefore, the material in 3D printed parts may not be closely packed and could 
contain structural “voids.” Furthermore, the 3D printed parts inherently exhibit 
“layered” structures and thus may not have the uniform properties as compared to 
the parts made by traditional techniques. This potential defect could be identified by 
analyzing parts 3D printed at different “reference angles.” Given a 3D printer’s 
flexibility in the nozzle movement, identical parts can be printed at different angles 
and different layer thickness. If the mechanical properties of these parts are 
inconsistent despite being the same material, the cause would likely be a lack of 
uniformity in the structure.  
The main objective of this chapter is to evaluate the mechanical properties of 
engineering parts made by 3D printing.  The measured properties of the 3D printed 
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parts were then compared to the properties of the part made by traditional 
manufacturing methods (compression molding). The findings of this investigation 
will be useful to industrial engineers across the manufacturing sector who are 
considering an investment or transition into 3D printing technology for their 
manufacturing firms. 
 
3.2. Methods 
 
3.2.1. Material 
The material used in the experiment was acrylonitrile butadiene styrene (ABS), an 
engineering plastic that is widely used in the industry.  The ABS filament was purchased 
from Shenzhen Esun Industrial Co., Ltd, in 1 Kg spools. The filament was in the form of 
wires, with a nominal diameter of 1.75 mm.  
 
3.2.2. 3D Printing through typical/conventional method  
The rectangular bending specimen, with nominal dimensions of 3x15x75 mm, was printed 
using various 3D printers.  First, the CAD model of the specimen was designed by using 
SolidWorks from Dassault Systems. Once completed on SolidWorks, the CAD model was 
saved as STL files and then exported to the 3D printers and processed for printing through 
various slicing programs.  Figure 2 shows the printers used in the experiment (Flash Forge 
Dreamer 3D printer, Tevo Tornado 3D printer, and Prusa 3D printer). Table 3.1 is a 
summary of the specifications of those printers. 
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Figure 3.2: 3D printers used: (top) Flashforge Dreamer 3D printer, (middle) Tevo 
Tornado 3D printer, and (bottom) Prusa i3 3D printer. 
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Table 3.1: Summary of 3D printers used in the experiment 
Printer Name Manufacturer Slicing software used 
1 Flashforge Dreamer Flashforge FlashPrint 
2 Tevo Tornado TEVO 3D Electronic 
Technology Co 
Cura 
3 Prusa I3 MK3S Prusa Research Slic3r 
 
Once the CAD model was sent to the printer, it was duplicated for four times and placed 
on the printing bed of each printer at four different positions: I, II, III, and IV respectively 
(Figure 3). The temperature at the extruder was set as 235oC and the temperature at the 
printing bed was set as 105oC. The layer height was set as approximately 0.15 mm and the 
infill was set as 100%. For all three printers, the default fill pattern, named “Rectiliner”, 
was used, which meant that the two adjacent layers would be printed with an alternating 
angle of 90o. For each testing, the specimens from all three printers were printed 
simultaneously to minimize any potential impact from surrounding environment. Once 
printed, the parts were removed from the printers and allowed to settle overnight before 
testing to ensure the specimen completely solidified.        
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Figure 3.3: The four parts that were printed at different positions on the printing platform. 
 
 
3.2.3 Compression molding 
While 3-D printing can rapidly create products, it is reasonable to assume that this method 
of manufacturing would produce products with different material properties when 
compared to traditional manufacturing techniques. Thus, a comparison of the material 
properties between 3D-printed parts and compression molded samples was investigated. In 
order to ensure the same materials are used for both manufacturing techniques, the Esun 
ABS 3D-printer filament was chopped into a pellet form. These pellets were then inserted 
into a rectangular shaped machined aluminum mold. The mold would be over-filled with 
ABS pellets (to ensure no voids in the final product) and placed between two heated plates 
inside a hydraulic pneumatic press. After the pellets were heated to melting temperature, 
the mold would be compressed resulting in the removal of any excess material. Once the 
Position II 
Position I
 
Position III 
Position IV 
Printing Bed 
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mold was closed, a 2-minute holding time was used to allow the material to cure. The 
heated plates are then allowed to cool at two different rates: slow-cooled and fast-cooled. 
For slow-cooled, the mold would remain in the hot press to allow the material to cool to 
the room temperature naturally. For fast-cooled, the mold would be taken out of the hot 
press immediately and cool to the room temperature. Figure 3.4 shows the aluminum mold 
and hot press used for the molding process.  
   
Figure 3.4: The aluminum plate and the hot press used for compression molding ABS 
plates. 
 
To produce the rectangular bending specimens, a laser-cutter machine was used to cut the 
compression molded plate (Figure 3.5). The same CAD model imported into the slicing 
software to create the 3D-printed samples, was imported into the Laser-Works software. 
This software would turn the 2-dimensional outline of the CAD model into a path for the 
laser to follow and precisely cut out the samples. The compression molded sheet of plastic 
would then be inserted into the laser-cutting machine and the testing samples, (with the 
same dimensions as the 3D-printed samples), would be removed. This process would then 
31 
 
guarantee that the compression molded samples and the 3D-printed samples would only 
vary in manufacturing method and not in material used.  
 
Figure 3.5: BOSSLASER laser-cutter machine used to cut the ABS compression molded 
 
 
3.2.4. Mechanical Testing  
The mechanical properties of the 3D printed parts were examined by using a standard 
bending test. The experiments were conducted using the PASCO Materials Tester and the 
PASCO Capstone software was used for data acquisitions (Figure 3.6). Prior to the tests 
the apparatus was carefully calibrated using data and samples provided by PASCO.  For 
the bending test, a 3-point bending configuration was used. The distance between the two 
supporting pins was 35mm. During tests, load and deflection data were recorded through 
their respective sensors for subsequent analysis.  
  
32 
 
 
Figure 3.6: PASCO Materials Tester used for bending tests. 
 
3.3. Results and Discussions 
 
3.3.1 Stress-strain responses of 3D printed ABS 
The 3D printed parts were tested on the PASCO Material Tester to obtain all preliminary 
data measurements. During the test, each part was stretched in the opposite directions and 
resultant load (in Newtons) and deflection (in millimeters) were recorded using the load 
and position sensors, respectively. For this experiment, load is defined as the amount of 
force exerted on the part, while deflection is defined as the length the part elongated to 
once the force was exerted.  From the load and deflection data, the stress and strain were 
calculated for each test.  Figures 3.7-3.9 display the stress-strain curves of the 3D printed 
ABS samples printed from three different printers (Flash Forge Dreamer 3D printer, Tevo 
Tornado 3D printer, and Prusa 3D printer). 
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Each material has unique physical and chemical microstructures that define its properties. 
For each material (e.g., steel, aluminum, ABS, etc.), these properties should be independent 
upon the methods of manufacturing. However, the 3D printing method builds a three-
dimension part by layering down successive layers of material through a moving nozzle.  
The direction of the moving nozzle can be specified through the slicing program within 
each 3D printer. For the present experiments, the default printing pattern of “Rectiliner” 
was used, which meant that the nozzle would print one layer in the horizonal direction (x-
axis) and then another layer in the vertical direction (y-axis), as shown previously in Figure 
3.3   Therefore, the printing patterns for Position I and Position IV are essentially the same: 
both with a filling pattern of 0/90 angles in the material coordinates (1-2 axes). As seen in 
Figures 3.7-3.9, the stress-strain responses of the ABS samples from these two positions 
are identical.  For Position II and Position III, the printer nozzles move at an angle with the 
local material coordinates, 30o and 60o, respectively. The stress-strain responses of these 
two specimens are close, both of which inferior to the specimens with 0/90 angles. 
Figure 3.10 summarizes the mechanical responses of the ABS parts printed from the three 
printers. In all cases, the specimens from Tevo printer seem to have the weakest stress-
strain behavior. Specimens from Prusa printer have the best elastic responses while 
specimens from Flash Forge printer show the greatest post-yield behaviors.   
From the stress-strain curves, the mechanical properties of 3D printed ABS parts were 
estimated, including Young’s Modulus (E), Ultimate strength (σ), Failure strain (ε), and 
toughness (Tables 3.2-3.4).   The average modulus of the ABS samples are 1044 MPa, 
1398 MP, and 913 MPa, for Flash Forge, Prusa, and Tevo, respectively, which result in a 
maximum difference of approximately 35%.  The average failure strain of the ABS are 
34 
 
0.41, 0.09, and 0.34, for Flash Forge, Prusa, and Tevo, respectively, which result in a 
difference as big as 80%. There also exist noticeable differences in ultimate strength and 
toughness. These indicate that 3D printed part has a non-uniform microstructure and 
inconsistent mechanical properties.  
 
Table 3.2: Summary of Mechanical Properties of 3D Printed ABS: Position I 
 
Printers 
Young’s 
Modulus, E 
(N/mm2) 
Ultimate 
Strength, σ 
(N/mm2) 
Failure 
Strain (ε) 
(mm/mm) 
Toughness 
(J/m3) 
Flash Forge printer 1097 53.7 0.17 5.4 
Prusa printer 1419 52.3 0.10 3.6 
Tevo printer 941 43.8 0.14 3.8 
 
 
Table 3.3: Summary of Mechanical Properties of 3D Printed ABS: Position II 
 
Printers 
Young’s 
Modulus, E 
(N/mm2) 
Ultimate 
Strength, σ 
(N/mm2) 
Failure 
Strain (ε) 
(mm/mm) 
Toughness 
(J/m3) 
Flash Forge printer 1037 44.7 1.22 3.2 
Prusa printer 1405 48.8 0.06 1.5 
Tevo printer 896 42.5 1.03 1.1 
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Table 3.4: Summary of Mechanical Properties of 3D Printed ABS: Position III 
 
Printers 
Young’s 
Modulus, E 
(N/mm2) 
Ultimate 
Strength, σ 
(N/mm2) 
Failure 
Strain (ε) 
(mm/mm) 
Toughness 
(J/m3) 
Flash Forge printer 970 48.4 0.08 2.9 
Prusa printer 1352 46.8 0.06 2.3 
Tevo printer 874 42.1 0.11 2.5 
 
Table 3.5: Summary of Mechanical Properties of 3D Printed ABS: Position IV 
 
Printers 
Young’s 
Modulus, E 
(N/mm2) 
Ultimate 
Strength, σ 
(N/mm2) 
Failure 
Strain (ε) 
(mm/mm) 
Toughness 
(J/m3) 
Flash Forge printer 1073 46.8 0.16 6.4 
Prusa printer 1414 52.4 0.13 5.6 
Tevo printer 940 41.5 0.08 2.1 
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Figure 3.7: (Top) Stress-strain curves of ABS sample at four different positions printed 
from Flash Forge Dreamer 3D printer; (Bottom) Initial portion of the stress-strain curves. 
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Figure 3.8: (Top) Stress-strain curves of ABS sample at four different positions printed 
from Tevo Tornado 3D printer; (Bottom) Initial portion of the stress-strain curves. 
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Figure 3.9: (Top) Stress-strain curves of ABS sample at four different positions printed 
from Prusa 3D printer; (Bottom) Initial portion of the stress-strain curves. 
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(C)  
(D)  
Figure 3.10: Comparisons of  stress-strain curves of ABS samples from different 3D 
printers. Samples were printed at the positions:  (A) I, (B) IV, (C) II and (D) III. 
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3.3.2 Stress-strain responses of compression molded ABS  
The same ABS has been used to fabricate the conventionally manufactured specimens The 
ABS filament used for 3D-printing was first chopped into small pellets and then 
compression molded into square plates (with the same thickness as the 3D printed 
specimens of 3mm). Rectangular specimens were subsequently cut by using a laser and 
then tested in bending, following the same procedures used for 3D printed samples. Figures 
3.11(A) and 3.11(B) display the stress-strain responses of the compression molded ABS 
samples. The overall responses of the two ABS samples (slow-cooled and fast-cooled) 
seem to be identical.  
From the stress-strain curves, the mechanical properties of the compression molded ABS 
parts were estimated, including Young’s Modulus (E), Ultimate strength (σ), Failure strain 
(ε), and toughness (Table 3.6).  It is seen that there exist negligible differences in properties 
for the compression-molded ABS materials. 
 
Table 3.6: Summary of Mechanical Properties of Compression-molded ABS 
 
 
Compression-molded ABS 
 
Young’s 
Modulus, E 
(N/mm2) 
Ultimate 
Strength, σ 
(N/mm2) 
Failure 
Strain (ε) 
(mm/mm) 
Toughness     
(J/m3) 
 1 1731 59.5 0.11 6.0 
Slow-cooled 2 1779 58.7 0.13 5.9 
 3 1727 58.3 0.12 5.8 
 1 1749 59.5 0.15 7.8 
Fast-cooled 2 1748 59.3 0.12 6.0 
 3 1653 59.4 0.13 6.6 
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Figure 3.11: Stress-strain curves of ABS samples from conventional compression-
molding: (a) slow-cooled and (b) fast-cooled. 
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3.3.3 Comparing mechanical properties of 3D printed parts and compression-molded 
parts 
For comparison purpose, the stress-strain responses of the ABS from 3D printing and 
compression molding are plotted together. In Figure 3.12, the ABS specimens were printed 
at an orientation angle of 0o, which have proven to produce the best performance for the 
printed samples. However, the properties are still inferior to the compression molded 
sample. In Figure 3.13, the ABS specimens were printed at an orientation angle of 30o. It 
is seen that the properties of these 3D printed ABS are significantly worse than those of a 
compression molded sample.     
In addition, the 3D printed samples are seen to exhibit noticeable variations in mechanical 
properties (Figure 3.10) while the compression molded samples exhibit high uniformity in 
properties (Figure 3.11). 
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Figure 3.12: Comparison of stress-strain curves of the ABS parts made by 3D printing 
and traditional manufacturing, where the 3D printed parts were printed at a local 
orientation angle of 0o. 
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Figure 3.13: Comparison of stress-strain curves of the ABS parts made by 3D printing 
and traditional manufacturing, where the 2D printed parts were printed at a local 
orientation angle of 30o. 
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The mechanical properties computed from the experiment data indicate that the 3D printing 
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failed to surpass the mechanical property values of the compression-molded part. The 
Young’s Modulus value of the compression-molded part was greater than the modulus 
values of the 3D printed parts, while its ultimate strength and failure strain values were 
also significantly higher. The substantial difference in the values strongly suggests that the 
0
10
20
30
40
50
60
70
0.00 0.05 0.10 0.15 0.20
St
re
ss
 (M
Pa
)
Strain
Flash Forge
Prusa
tevo
Compression molded
46 
 
3D printed parts were weaker. Furthermore, the disparities of the property values of the 3D 
parts indicate a lack of uniformity within the material.  
Despite the rising usage of 3D printing technology, it is crucial for industrial engineers to 
understand these shortcomings of 3D printing. Besides limitations in product size and 
material, the findings of this experiment indicate that the structural integrity of 3D printed 
products are also limited. Until future innovations can allow 3D printing methods to 
produce stronger products, traditional manufacturing techniques remain superior. Instead 
of a complete overhaul to 3D printing production, manufacturers should utilize 3D printing 
for the production of prototypes, models, and minor parts in which structural integrity will 
not present a risk. Despite these limited roles, 3D printing remains a strong potential factor 
that could revitalize the American manufacturing sector. 
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3.5. Appendix  
 
The table below summarizes the dimensions of the 3D parts as measured by a digital 
caliper.  The width and thickness were used to compute the cross-sectional area, an input 
in the stress calculation (Equation 1). The gauge length was used as input in the strain 
calculation (Equation 2). 
 
 
 
Table 3.7: Summary of Dimensions of the 3D Printed Parts as Measured  
by a Digital Caliper. 
 3D printed Part: 
0 degree  angle 
3D printed part: 
30 degree  angle 
3D printed part: 
60 degree  angle 
3D printed part: 
90 degree  angle 
Width (mm) 3.22 3.18 3.29 3.27 
Thickness (mm) 3.49 3.33 3.38 3.21 
Gauge Length (mm) 41 41 41 41 
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Chapter 4: Processing and Mechanical Property 
Optimization of 3D Printed Products Using Laminate 
Composite Theory 
 
4.1. Introduction 
3D printing is a revolutionary manufacturing method, through which a CAD model of a 
product can be produced by directly depositing the building material onto a platform to 
create the end product (Figure 4.1).  The machine used for 3D printing, i.e., the 3D printer, 
is essentially a 3-axis Computer Numerically Controlled (CNC) enclosure in which 
products are printed in layers in the X-Y direction, then the extruder raises up a preset 
amount in the Z-direction and prints the next layer. The material is deposited via the 
extruder, which is simply a heated nozzle that feeds the raw filament to the extruder head 
at a predetermined rate. The machine code (e.g., the Gcode) is used to provide the printing 
(deposition) instructions, i.e., the X-Y coordinates and moving paths of the extruder head 
as seen in Figure 4.1. The paths or the moving directions of the extruder head in a 3D 
printer are often arbitrarily defined (Figure 4.2), and therefore the properties of the 3D 
printed parts may not be the optimal.  
 
Figure 4.1: Sketch of 3D-printing process and its components. (Sayre, 2014) 
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Figure 4.2: (Left) G-code and (Right) Resultant X-Y coordinates and moving paths of the 
extruder head. (Bailey, 2016) 
 
In this chapter, the orientation dependent mechanical properties of a 3D printed layer were 
analyzed using the classical Laminate Composite Theory; which is used to determine the 
response of multi-ply composites. As 3D-printers produce parts by creating layers of linear 
strands of melted plastic, laminate composites are created by stacking individual laminates 
into a new part. Both these manufacturing techniques create a part consisting of several 
layers with possibly different orientations. Based on the previous results (chapter 3) using 
the default printer settings, the directions for the extruder head in the 3D-printer were 
modified by re-programing the machine codes (G-code). The oriented-dependent 
mechanical properties of 3D printed parts were examined through both tensile and bending 
tests and the orientation dependent material properties were determined. 
 
4.2. Laminate composite theory 
The focus of this paper will be using unidirectional continuous fiber composites. These 
composites are constructed by combining multiple multidirectional laminates. Laminates 
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are typically made of multiple orthotropic laminas or plies which are stacked one atop 
another. These laminates can be optimized for certain applications by changing the 
orientation or thickness of the individual unidirectional laminas. A lamina or ply is a thin 
layer of a fibrous reinforcement material surrounded by a bulk matrix material typically 
with a high aspect ratio. (For something to have a high aspect ratio, its plane dimensions 
need to be much larger than its thickness.) When a lamina has unidirectional reinforcement, 
the reinforcing fibers are aligned parallel to one-another in the lamina’s longitudinal 
direction as seen in Figure (4.3). Perpendicular to the direction of the reinforced fibers is 
called the transverse direction, the properties of the lamina are dominated by the bulk 
matrix material in this direction.  
 
Figure 4.3: Sketch of an un-oriented lamina with its fibers aligned with the dotted lines. 
 
According to the Classical Lamination Theory, the strain-stress relation of an un-oriented, 
single-layer unidirectional lamina or ply is defined by Equation 4.1   
�
𝜀𝜀1
𝜀𝜀2
𝛾𝛾 6
� = �
𝑆𝑆11 𝑆𝑆12 0
𝑆𝑆21 𝑆𝑆22 0
0 0 𝑆𝑆66
� �
𝜎𝜎1
𝜎𝜎2
𝜏𝜏6
�    (4.1) 
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where S11, S22, S12, and S66 are the directional compliances, defined by the fundamental 
material constants E11, E22, G12 and ν12. For the engineering constants, 𝜀𝜀 is the strain 
experienced by the lamina and σ is the axial stress applied, γ is the shear strain and 𝜏𝜏 is the 
shear stress. The subscripts refer to the principle directions, _1 being the longitudinal 
direction, _2 being the transverse direction and _6 being in plane. 
To calculate the compliance, certain mechanical properties need to be used. One such 
property being E where E is the Young’s modulus, (note the subscripts are the same as in 
the engineering constant where _1 and _2 refer to the longitudinal and transverse directions 
respectively). ν represents the Poisson’s ratio and G is the shear modulus.  The _12 and _21 
subscripts refer to a combination of loading and strain directions; the first number depicts 
the direction of the loading, while the second number depicts the direction of the strain.  
𝑆𝑆11 =
1
𝐸𝐸1
      (4.2) 
The compliance in the longitudinal direction is the inverse of the longitudinal modulus of 
the unidirectional lamina. 
𝑆𝑆22 =
1
𝐸𝐸2
      (4.3) 
The compliance in the transverse direction is the inverse of the transverse modulus similar 
to the longitudinal compliance. 
𝑆𝑆12 = 𝑆𝑆21 = −
𝜈𝜈12
𝐸𝐸1
= −𝜈𝜈21
𝐸𝐸2
    (4.4) 
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The in-plane shear compliance due to stress loading is the negative of the Poisson’s ratio 
divided by the modulus of the material. This relation holds true for both Poisson’s ratios 
so long as its divided by its respective modulus. 
𝑆𝑆66 =
1
𝐺𝐺12
      (4.5) 
The in-plane shear compliance due to shear loading is instead dependent on the inverse of 
the shear modulus. 
 
These relations are used for a lamina with no orientation dependencies and assuming the 
loading is perfectly in the longitudinal, transverse or shear directions. In real applications, 
the applied loads or subsequent strains can vary in directions, thus an orientation is used to 
describe these new directions as seen in Figure (4.4). The angle of the x direction of the 
orientation with respect to the longitudinal direction of the lamina is labelled as 𝜃𝜃, and the 
y direction is perpendicular to the x direction. The strain-stress relation of an arbitrarily 
oriented, single-layer lamina or ply with arbitrary loading conditions is defined by Equation 
4.2 where now the compliance matrix accounts for varying types of shearing. 
�
𝜀𝜀𝑥𝑥𝑥𝑥
𝜀𝜀𝑦𝑦𝑦𝑦
𝛾𝛾𝑥𝑥𝑦𝑦
� = �
𝑆𝑆𝑥𝑥𝑥𝑥 𝑆𝑆𝑥𝑥𝑦𝑦 𝑆𝑆𝑥𝑥𝑥𝑥
𝑆𝑆𝑥𝑥𝑦𝑦 𝑆𝑆𝑦𝑦𝑦𝑦 𝑆𝑆𝑦𝑦𝑥𝑥
𝑆𝑆𝑥𝑥𝑥𝑥 𝑆𝑆𝑥𝑥𝑦𝑦 𝑆𝑆𝑥𝑥𝑥𝑥
� �
𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑦𝑦𝑦𝑦
𝜏𝜏𝑥𝑥𝑦𝑦
�      (4.6) 
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Figure 4.4: Sketch of an oriented composite lamina at angle θ. 
 
where Sxx, Syy, Sss, Sxs(Ssx) and Sys(Ssy) are the compliance, defined by the following set of 
equations for each direction. (Note the subscripts follow the same rules as that of the 
unoriented plies where the first character depicts the direction of the loading, and the 
second character depicts the direction of the strain.) 
𝑆𝑆𝑥𝑥𝑥𝑥 = 𝑚𝑚4𝑆𝑆11 + 𝑛𝑛4𝑆𝑆22 + 2𝑚𝑚2𝑛𝑛2𝑆𝑆12 + 𝑚𝑚2𝑛𝑛2𝑆𝑆66 
𝑆𝑆𝑦𝑦𝑦𝑦 = 𝑛𝑛4𝑆𝑆11 + 𝑚𝑚4𝑆𝑆22 + 2𝑚𝑚2𝑛𝑛2𝑆𝑆12 + 𝑚𝑚2𝑛𝑛2𝑆𝑆66 
𝑆𝑆𝑥𝑥𝑦𝑦 = 𝑚𝑚2𝑛𝑛2𝑆𝑆11 + 𝑚𝑚2𝑛𝑛2𝑆𝑆22 + (𝑚𝑚4 + 𝑛𝑛4) − 𝑆𝑆12 − 𝑚𝑚2𝑛𝑛2𝑆𝑆66 
𝑆𝑆𝑥𝑥𝑥𝑥 = 2𝑚𝑚3𝑛𝑛𝑆𝑆11 − 2𝑚𝑚𝑛𝑛3𝑆𝑆22 + 2(𝑚𝑚𝑛𝑛3 −𝑚𝑚3𝑛𝑛)𝑆𝑆12 + (𝑚𝑚𝑛𝑛3 −𝑚𝑚3𝑛𝑛)𝑆𝑆66 
𝑆𝑆𝑦𝑦𝑥𝑥 = 2𝑚𝑚𝑛𝑛3𝑆𝑆11 − 2𝑚𝑚3𝑛𝑛𝑆𝑆22 + 2(𝑚𝑚3𝑛𝑛 −𝑚𝑚𝑛𝑛3)𝑆𝑆12 + (𝑚𝑚3𝑛𝑛 −𝑚𝑚𝑛𝑛3)𝑆𝑆66 
𝑆𝑆𝑥𝑥𝑥𝑥 = 4𝑚𝑚2𝑛𝑛2𝑆𝑆11 + 4𝑚𝑚2𝑛𝑛2𝑆𝑆22 − 8𝑚𝑚2𝑛𝑛2𝑆𝑆12 + (𝑚𝑚2 − 𝑛𝑛2)𝑆𝑆66 
where m=cosθ and n=sinθ.  
As an arbitrarily-oriented single layer lamina is placed in a xy-plane and subjected to a 
load, the moduli of the lamina can be computed from the compliance values.  
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𝐸𝐸𝑥𝑥 =
1
𝑆𝑆𝑥𝑥𝑥𝑥
      (4.8a) 
𝐸𝐸𝑦𝑦 =
1
𝑆𝑆𝑦𝑦𝑦𝑦
      (4.8b) 
𝐺𝐺𝑥𝑥𝑦𝑦 =
1
𝑆𝑆𝑠𝑠𝑠𝑠
      (4.8c) 
ν𝑥𝑥𝑦𝑦 = −
𝑆𝑆𝑥𝑥𝑦𝑦
𝑆𝑆𝑦𝑦𝑦𝑦
      (4.8d) 
 
As seen from the compliance equations, the moduli of the lamina will be dependent up the 
orientation angle of the lamina layer. The longitudinal modulus (Ex), the transverse 
modulus (Ey), and the shear modulus (Gxy) for a typical ABS lamina are calculated and 
shown in Figures 4.5-4.7. The fundamental material constants (E11, E12, G12, and ν12) for 
the typical ABS are cited from Li et al (2002) were used, where E11=2433 MPa, E22=1631 
MPa, G12=461 MPa, and ν12=0.34. 
The calculations show how Ex changes from the longitudinal modulus of the lamina to the 
transverse modulus of the lamina in Figure 4.5. This is due to the orientation changing from 
being aligned with the reinforcing fibers at 𝜃𝜃=0, to being perpendicular to them at 𝜃𝜃=90. 
The opposite is true in Figure 4.6 where the orientation begins perpendicular to the fibers 
and ends aligned to them. Figure 4.7 shows how the shear modulus changes as the fibers 
become more oriented with the shear loading, with the fibers most dominating at 𝜃𝜃=45 
when they are aligned with the load. 
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Figure 4.5: Variation of longitudinal modulus as a function of fiber orientation angle. 
 
 
Figure 4.6: Variation of transverse modulus as a function of fiber orientation angle. 
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Figure 4.7: Variation of shear modulus as a function of fiber orientation angle. 
 
 
4.3. Experimental  
4.3.1. Material 
The material used in the experiment was acrylonitrile butadiene styrene (ABS), an 
engineering plastic that is widely used in the industry.  The ABS filament was purchased 
from Shenzhen Esun Industrial Co., Ltd, in 1 Kg spools. The filament was in the form of 
wires, with a nominal diameter of 1.75 mm. The material was stored in a cool environment 
and was not reused for future tests to ensure uninfluenced results. 
4.3.2. 3D Printing based on laminate composite theory 
The Flash Forge 3D printer was used in the present experiment. The CAD models used for 
3D printing were designed by using the SolidWorks CAD software from Dassault Systems. 
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Once completed on SolidWorks, the CAD models were saved as STL files. This turns the 
models into a set of two-dimensional domains with evenly spaced parallel planes. These 
two-dimensional domains are then stacked atop one another to represent the full model. 
This new model consisting of stacked planes is then exported to the slicing software. The 
slicing software deconstructs each plane into a series of linear movements to create the 
CAD model profile. The slicer then combines the linear movements into a single path for 
the 3D-printer to follow by creating the G-code that is uploaded to the 3D printer.  For the 
experiments, a slicing software called Simplify 3d was used to control the printing 
parameters via user inputs as seen in Figure 4.8. The parameters varied from printing speed 
and temperature control to the infill patterns manipulated to create the composite-like 
structures.  
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(A)  
(B)  
Figure 4.8: (A) Printing and (B) infill  parameters specified by the Simplify 3d slicer 
program in the Flash Forge printer. 
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The printer’s capabilities allowed for multiple parts to be printed simultaneously and was 
used to print the samples of varying angles in batches. In the present experiment, samples 
were printed with a single batch consisting of four identical parts at different reference 
angles of: 0, 30, 60, and 90 degrees, respectively. The duration of the printing process was 
approximately one hour including the amount of time needed for the extruder and heated 
plate to reach operating temperature. Once the parts finished printing, they were removed 
from the printing bed and allowed to settle overnight before testing (to ensure the ABS 
completely solidified.) 
When printing a product, the 3D-printer followed these same steps for every print in order. 
First the printer creates an outline of the product for the specified layer . Then instead of 
randomly filling the outline shell, the G-code controls the path taken by the extruding 
nozzel and creates an infill pattern (Figure 4.9). The infill pattern is designated by the user 
in the slicing software preferences. The typical imput into the slicing software is the angle 
at which the fibers are orientad along the print, this is used for linear infill patterns. Other 
possible infill patterns include a honey-comb shape and rectilinear grid-llke structures; 
however linear infill was used as it most closely represents unidirectional fiber composites.. 
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Figure 4.9: linear infill patterns of 3D-printed parts with respect to orientation angle. 
 
4.3.3. Mechanical Tests 
For the testing procedure, the PASCO Materials Tester was first calibrated using a plastic 
Stress/Strain Apparatus part provided by PASCO, which looked almost identical to the 
actual printed parts. The ends of the part were attached to the clamps of the materials tester. 
This attachment was ensured to be strongly secured for accurate data readings. On a 
computer, the PASCO Capstone software was installed and linked with the load and 
deflection sensors on the materials tester. Calibration proceeded by manually rotating the 
crank to move the force applicator on the materials tester. The Capstone software would 
then record the load and deflection measurements and plot them in real time as the samples 
are being tested. The crank was rotated until the sample snapped into two separate pieces 
and the software was stopped. The coupon fragments were removed from the tester and the 
load/deflection data was saved as a .cap file as well as a text file for subsequent analysis.  
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Prior to testing the actual parts, each part was labeled by batch number and degree number 
on both ends to ensure each part could be matched once fragmented. Digital calipers were 
used to measure the dimensions of the part, which were recorded and used in further 
calculations. Each part was individually tested in random order using the same procedures 
used during the calibration process. Parts were tested in the order of 0, 30, 60, and 90 
degrees and starting with the first batch.  
 
4.4. Results and discussion 
The mechanical properties of the 3D printed parts were examined by standard tensile and 
bending tests.  For tensile test, the ends of the part were attached to the clamps of the 
materials tester. For bending test, the 3-point bending configuration was used. The distance 
between the two supporting pins was 35mm same as the previous tests.  In both tests, load 
and deflection data were recorded through respective sensors for subsequent analysis. For 
these experiments, the samples are labeled by infill angle instead of the position on the 
build plate as used before in the previous chapter. 
 
 
 
4.4.1 Stress-strain responses of 3D printed parts 
4.4.1.1. Stress-strain responses from tensile tests 
The 3D printed parts were tested on the PASCO Material Tester to obtain all preliminary 
data measurements. During the test, one side of the sample was clamped into place while 
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the other side was pulled away, this created a resultant load (in Newtons) and deflection 
(in millimeters). This information was recorded using the load and position sensors, 
respectively. For this experiment, load is defined as the amount of force exerted on the part, 
while deflection is defined as the length the part elongated to once the force was exerted.  
From the load and deflection data, the stress and strain were calculated for each test.  
Figures 4.10-4.12 illustrates the stress-strain curves of the 3D printed parts printed in four 
different reference angles (0, 30, 60, and 90 degrees). 
 
Figure 4.10: Stress-strain behaviors of 3D-printed ABS from tensile tests – sample 1. 
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Figure 4.11: Stress-strain behaviors of 3D-printed ABS from tensile tests – sample 2. 
 
Figure 4.12: Stress-strain behaviors of 3D-printed ABS from tensile tests – sample 3. 
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The results in Figures 4.10-4.12 show that the orientation of the infill “fibers” can play a 
significant role in the properties of the samples when subjected to a tensile force. The 0 
degree sample clearly outperforms the other fiber orientations by withstanding a larger 
stress and having a higher plasticity than the other orientations. The results also showed 
that the 30 degree infill orientation sample consistently preformed the worst in maximum 
stress as well as plasticity of sample. The 60 degree angle would remain fairly consistent 
while the 90 degree sample would greatly fluctuate in its response. While in some instances 
the 90 degree sample would outperform the 60 degree sample, both would remain 
intermediately between the 0 and 30 degree samples responses. The Information recorded 
form the stress strain curves was then used to calculate the mechanical properties of these 
3D-printed parts. 
 
4.4.1.2. Stress-strain responses from bending tests 
The bending tests were also done using the PASCO Material Tester, using the bending test 
configuration. The test consisted of placing a rectangular specimen on two supporting 
wedges. The load applicator was also wedged shaped and was lowered by the hand crank 
unto the sample. The moving wedge would apply a load (in Newtons) and the displacement 
of the wedge would be measured (in mm). Once again, the load and position sensors were 
used to record this data; and from the load and deflection data, the stress and strain were 
calculated for each test. Figures 4.13-4.15 show the resultant stress and strain calculations 
from the data collected.  
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Figure 4.13: Stress-strain behaviors of 3D-printed ABS from bending tests – sample 1. 
 
Figure 4.14: Stress-strain behaviors of 3D-printed ABS from tensile tests – sample 2. 
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Figure 4.15: Stress-strain behaviors of 3D-printed ABS from tensile tests – sample 3. 
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4.4.4.2 Mechanical properties of 3D printed parts 
Each material has unique physical and chemical microstructures that define its properties. 
For each material (e.g., steel, aluminum, ABS, etc.), these properties should be independent 
upon the methods of manufacturing. However, the 3D printing method builds a three-
dimension part by layering down successive layers of material through a moving nozzle.  
For the part fabricated in this experiment, a total of 36 layers were created along the vertical 
direction. In the horizontal direction, the material is laid from a nozzle at a fixed direction. 
This process creates the “directionality” or reference angles of the microstructure and, 
therefore, the properties of the printed parts. 
From the stress-strain curves of both tests, the mechanical properties of 3D printed parts 
were estimated using the data collected from the experiments conducted; including 
Young’s Modulus (E), Ultimate strength (σ), toughness (τ) and the Failure strain at 
fragmentation (ε). The Youngs modulus was calculated by finding the slope of the 
materials stress-strain curve before plastically deforming. Ultimate strength was simply the 
highest stress value the samples endured during testing, typically during the plastic 
deformation. The toughness was calculated using the rectangular method of summation of 
area under the stress strain curve. The failure strain was calculated using the position of the 
load applicator when the sample failed. For tensile testing, the sudden fragmentation of the 
sample was considered failure. For bending testing, failure was determined to be when the 
sample could no longer hold an applied load (occasionally meant separation of the two 
halves of the sample). The calculated results are plotted in Figures 4.16-4.19 for tension 
tests and Figures 4.20-4.23 for bending tests.  
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Figure 4.16: Orientation-dependent mechanical properties of 3D-printed ABS from 
tensile tests – ultimate strength. 
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Figure 4.17: Orientation-dependent mechanical properties of 3D-printed ABS from 
tensile tests – Young’s modulus. 
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Figure 4.18: Orientation-dependent mechanical properties of 3D-printed ABS from 
tensile tests –toughness. 
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Figure 4.19: Orientation-dependent mechanical properties of 3D-printed ABS from 
tensile tests –failure strain. 
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Figure 4.20: Orientation-dependent mechanical properties of 3D-printed ABS from 
bending tests – ultimate strength. 
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Figure 4.21: Orientation-dependent mechanical properties of 3D-printed ABS from 
bending tests – Young’s modulus. 
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Figure 4.22: Orientation-dependent mechanical properties of 3D-printed ABS from 
bending tests –toughness. 
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Figure 4.23: Orientation-dependent mechanical properties of 3D-printed ABS from 
bending tests –failure strain. 
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orientations are parallel to the sample orientation. It can also be stated that with increasing 
misalignment of the fibers, the sample will perform less preferably. 
For tensile testing however, the results seemed mixed in performance. While the 0 degree 
sample had the highest ultimate strength, failure strain, toughness and largest Young’s 
modulus, (similar to the bending results), the trend as in the bending testing did not follow. 
Instead of continually decreasing properties with greater fiber orientation angle, the 
product properties take a sharp decline with the 30 degree sample and slightly recover with 
the following orientations. This observation shows that a slight misalignment with the fiber 
orientation and the applied load can lead to a drastic loss in favorable properties of a printed 
part. 
 
4.4.3 Comparisons of properties of ABS parts from optimal 3D Printing and 
conventional manufacturing. 
Previous chapter (Chapter 3) has reported the study of fabrication and testing of ABS parts 
through a conventional manufacturing (compression molding). In the study, the ABS 
filament used for 3D-printing was chopped into small pellets and then compression molded 
into square plates. Rectangular specimens were subsequently cut by using a laser and then 
tested in bending, following the same procedures used for 3D printed samples. Figure 4.24 
shows the comparison of stress-strain responses of the ABS from both manufacturing 
methods. The mechanical properties of the ABS parts from both tests were extrapolated 
from Figure 4.24 and tabulated in Table 4.1. 
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Figure 4.24: Comparison of stress-strain responses between 3D-printed parts and 
compression-molded part using bending test. 
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Table 4.1: Orientation-dependent mechanical properties of 3D-printed ABS: bending 
results 
3D Printed 
Compression-
molded 
Angle of Filament (Degree) 0 30 60 90  
Young's Modulus (MPa) 1020.00 967.00 971.00 906.00 1676.8 
Ultimate Strength (MPa) 46.80 46.20 44.00 36.80 54.05 
Yield Strain 0.20 0.19 0.11 0.05 0.165 
Toughness (Joule/m2) 7.72 6.60 2.87 1.26 7.29 
 
The bending results show how the compression molded sample’s Young’s modulus was 
64.4% greater than that of the 0 degree sample, and the 0 degree sample had a 12.6% larger 
Young’s modulus than the 90 degree sample. These percentages show that for the modulus, 
manufacturing techniques have a great impact on product properties. Interestingly, the 
ultimate strength and toughness of the products can vary more from fiber orientation than 
manufacturing technique. The compression mold has a 16% higher ultimate strength and a 
5.6% decrease in toughness when compared to the 0 degree sample; however, the 0 degree 
sample has a 27.2% higher ultimate strength and a 512% greater toughness than the 90 
degree fiber orientation. These percentages show that for some product properties, the 
difference between 3D-printed parts can fluctuate more than the difference in an aligned 
fiber orientation and a compression molded part.  
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4.4.4 Comparisons of properties of ABS parts from optimal 3D Printing and 
conventional 3D printing 
The present chapter has studied in detail the orientation-dependence of mechanical 
properties of parts produced by a 3D printer. As shown by the results from Figures 4.14-
4.23, the part printed at 0-degree orientation has the optimal performance while the part 
printed at 90-degree orientation has the worst performance. The previous chapter (Chapter 
3) has studied properties of the parts produced by 3D printing using the conventional 
method (default printing method), i.e., the “Rectiliner” printing pattern. Figure 4.25 is a 
comparison of the ABS parts produced by both conventional 3D printing and optimal 3D 
printing.  
It is seen that the parts obtained at the optimal printing (0-degree) and the worse printing 
(90-degree) would serve as the upper and lower bonds and that the parts printed by using 
the default method would fill between these bonds. This indicates that the 3D printed parts 
can be theoretically “tailored” in order to achieve the “best” performance. 
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Figure 4.25: Comparison of stress-strain responses of the parts from optimal 3D-printing 
and conventional 3D printing. 
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parts were weaker especially when the load is not parallel with the infill direction. 
Furthermore, the disparities of the property values of the 3D parts indicate a lack of 
uniformity within the material unlike the compression molded parts.   
As the results show significant change in performance with fiber orientation, specific 
loading conditions could theoretically have an “optimal” infill. For the simple case of 
bending it was shown that a 0 degree infill out performed all other simple orientations. 
Using Laminate Composite Theory 3d printed objects can be designed to maximize 
performance similarly to a composite material.  
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Chapter 5: Computational Design and Testing of 3D 
Printed Structure  
 
5.1. Introduction 
Three-dimensional (3D) printing has become a revolutionary manufacturing method that 
allows the productions of engineering parts almost directly from modeling software on a 
computer. Initially, manufacturers have utilized 3D printing almost exclusively for 
producing prototypes, models, and minor parts - all of them are designated for non-
structural applications (Baily and Bosworth, 2014). As the technology becomes more 
advanced and mature, manufacturers across the industries have started to use 3D printing 
for making actual engineering products. Major aerospace contractors, including Boeing 
and Airbus, now utilize 3D printing to develop assembly parts that result in structurally 
and fuel-efficient planes (Bullinger, 2009). Uses of the method within the automotive 
industry now include various structural components such as exterior frames, doors, panels, 
etc. (Frost & Sullivan, 2007). 3D printing has proven valuable in the development of 
miniature and functionally integrated devices in the electronics industry (Gausemeier, 
2011).  Developments of 3D printing could revolutionize health care in the biomedical 
industry; rising applications in this field include producing prosthetics, implants, and 
functional artificial tissue, all of which can be customized for individual patients (Mayer - 
Brown, 2013). 3D printing provides several major advantages to manufacturers in these 
industries, such as the ability to produce more intricately-designed parts, a quicker 
production time, and a reduction in waste products and energy consumption (Syed, 2015). 
Consumers can also benefit from 3D printing, including the personalization of products, 
on-demand manufacturing, and the localization of production (Syed, 2015).  
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Actual engineering products often have high demands on load-bearing capabilities. 
Previous chapters have demonstrated that the mechanical properties of 3D printed parts are 
highly dependent on the orientations of the filaments. The default printing pattern used by 
most 3D printers are often not the optimal. To achieve the best structural performance of a 
product, its printing directions needs to be properly designed and thus optimized.     
 
In this chapter, an actual engineering component, the automobile A-pillar (Figure 5.1), is 
used to demonstrate the process of 3D printing optimization. The finite element method 
will be used to design and optimize the orientations of 3D filaments in the A-pillar 
structure. Prototyped parts will be printed and tested to validate the designs.  
 
 
 
Figure 5.1: The automobile A-pillar structure: (A) steel pillar and (B) composite pillar 
(Vaidya et al 2017). 
. 
84 
 
 
5.2. Finite Element Designs of A-pillar Structure 
 
5.2.1 Finite element procedures 
5.2.1.1 Load-deflection relations of a multilayer laminate  
Fiber composites are typically made of multi-layer laminas or plies. In general, a laminate 
is thin with its lateral dimensions much larger than its thickness. Therefore, the mechanical 
responses of a laminate can be analyzed by using a reference plane (or the midplane), which 
is an X-Y plane with equidistance from the top and bottom surfaces of the laminate (Figure 
5.2).  
 
Figure 5.2: Sketch showing the multidirectional composite laminate being represented by 
a reference plane. 
 
As a multilayer laminate is subjected to an arbitrary load (a force N, or a moment M, or, 
both), the general load-deflection relation is 
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Or in short 
 
 �NM� = �
A B
B D� �
ε0
k
�        (5.2) 
 
where A, B, and D are extensional matrix, bending matrix, and coupling matrix, 
respectively. These matrices are defined by the stiffness matrix, Qijk , and the position, Zk, 
of any arbitrary kth layer in the composite (Figure 5.2). The stiffness matrix, Qijk , of a single 
layer lamina is defined by taking the inverse of the compliance matrices (Sij), as defined 
by Equations 4.1-4.6. 
            
Aij = ∑ Qijk(Zk − Zk−1)nk=1        (5.3a) 
Bij =
1
2
∑ Qijk(Zk2 − Zk−12 )nk=1        (5.3b) 
Dij =
1
3
∑ Qijk(Zk3 − Zk−13 )nk=1        (5.3c) 
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Finally, the stresses (σx, σy, τs) in each layer can be computed from the applied load (N) or 
moment (M) 
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5.2.1.2 Finite element model  
The Finite Element Analysis (FEA) was conducted using the ANSYS mechanical 
workbench software. The models used for testing were created using the Geometry 
Modeler contained within the ANSYS mechanical software. The geometry modeler could 
be used to generate models similarly to a CAD software, or it can be used to import 
geometries from CAD software. The geometry modeler was mainly used for creating 2-D 
mid-surfaces of 3-D objects. The models are then imported to the ACP preprocessing 
module of the workbench software. The ACP preprocessor uses the generated mid-surface 
as a profile to create oriented lamina plies. The individual laminas and their orientations 
would be specified in the “layered section” layer worksheet as seen in Figure 5.3. The 
preprocessor would also contain the material properties that would be used for the model, 
and the mesh would also be constrained and generated in the ACP preprocessor. The 
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simulations conducted were all structural tests, so the static structural analysis system was 
used. The static structural analysis system would import the geometry and material 
information from the ACP preprocessor and can be used to apply boundary/loading 
conditions. Once the loading conditions are imputed, the analysis system can simulate the 
parts response and report desired solution information. The simulation and modeling 
process would be conducted using the ANSYS workbench software, and the solution 
results would be exported to Microsoft excel for summarizing. 
 
 
Figure 5.3: ANSYS Table used to define the layer thickness and fiber orientation angle. 
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5.2.1.3 Characterization of material constants to be input in FEM 
The finite element model requires the input of material constants E11, E22, ν12, and G12, 
which would have to be determined through experimental testing on unidirectional 
specimens. The material used in the experiment was acrylonitrile butadiene styrene (ABS). 
Specimens with printing directions of 0, 45, and 90 degrees were prepared and then tested 
in bending.  The resultant stress-strain curves are shown in Figure 5.4.  
 
Figure 5.4: Stress-strain curves of ABS printed at three orientation angles tested in 
bending. The linear portion of the stress-strain curves are enlarged as shown in the right. 
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From Figure 5.4, the Young’s modulus of the ABS plies at various angles can be 
extrapolated. The modulus obtained from 0-degree unidirectional specimen was E11 and 
the modulus obtained from 90-degree unidirectional specimen was E22. The shear modulus 
G12 was determined by using the following relation 
 
12 =
1
4
Exx45
− 1E11
− 1E22
+2ν12E11
      (5.5) 
 
where E11 and E22 were determined from testing the 0 degree and 90 degree unidirectional 
specimens and E45 was determined from testing the 45 degree unidirectional specimen. ν12 
is the major Poisson’s ratio. The fundamental properties of the ABS ply are summarized 
as seen in Table 5.1. 
 
Table 5.1: Summary of Fundamental Material Properties of a ABS ply.   
 
Properties 
Longitudinal 
Modulus 
E11 (MPa) 
Transverse 
Modulus 
E22 (MPa) 
Shear 
Modulus 
G12 (MPa) 
Major 
Poisson’s 
Ratio* 
ν12 
 1256 1074 484 0.3 
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5.2.1.4  Loads and boundary conditions of the A-Pillar structure   
The composite A-pillar model was generated in ANSYS and then tested by following the 
loads and boundary conditions specified by the Federal Motor Vehicle Safety Standard 
(FMVSS), which states that a vehicle's roof must be able to withstand a load of 1.5 times 
UVW and up to a maximum of 22.24 KN (5000 lbf) (Figure 5.5A). The method for testing 
consisted of a force being applied by an angled loading device while the vehicle is rigidly 
supported. In the present analysis, the model was fixed on the bottom edge and a force of 
22240 Newtons was applied on the top edge in the direction of gravity as per FMVSS 216 
standards (Figure 5.5B).  
 
(A)      (B)                                               
Figure 5.5: (A) Sketch showing the FMVSS 216 standards form of testing for A-pillars in 
automobiles. (B) How the force was applied for ANSYS simulations. 
 
To validate the finite element model and the procedures, the A-pillar structure was tested 
and then compared to the results reported by Vaidya et al (2017). In their design, the A-
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pillar was consisted of four plies of high modulus carbon fiber (HMCF) with lamina fiber 
orientations of 0,45,-45, and 90 degrees. Each ply had the orthotropic elasticity material 
properties of: E11= 209000 MPa, E22= 9450 MPa, G12= 5500 MPa, ν12= 0.27.  The same 
properties and loading conditions were used in the present analysis, i.e., the composite A-
pillar was subjected to a load of 22240 Newtons and the bottom of the A-pillar was fixed. 
Figure 6 shows the maximum deflection contours of the two analyses. Vaidya et al reported 
a maximum displacement of 72.12 mm with it occurring at the top of the A-pillar. The 
present ANSYS model shows a maximum deflection of 73.15 mm in the similar location. 
The model was considered to have successfully replicated the model used by Vaidya for 
maximum deflection with a 1.4% error. 
 
(A) (B)  
Figure 5.6: The displacement contours of the A-pillar: (A) Vaidya’s analysis and (B) 
present analysis. 
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5.2.2. Results and discussion 
The finite element method was used to simulate the 3D printed A-pillar structure. In actual 
printing, the part will be printed as layered structure, with each layer being 0.2 mm thick. 
The overall thickness of the pillar is 4.8 mm so the printed part would consist of a total of 
24 layers. Since the part is essentially a thin shell structure, the mid-surface can be used to 
represent the actual part. In this study, the mid-surface of the pillar was extracted and 
modeled with shell elements.  The part will be printed by using ABS (and carbon fiber 
reinforced ABS composite).  The properties of the ABS are shown in Table 5.2 and the 
thickness and orientation for each layer can be defined by using the “layered section” 
function as shown in Figure 5.3. 
  
5.2.2.1 Convergence of FE models 
A convergence analysis was first performed to test the mesh densities of the FE models. 
The model was constructed using the geometry modeler in ANSYS Workbench, the initial 
mesh consisted of 575 elements and 668 nodes. To ensure the mesh is the fine enough to 
accurately capture the deformation of the model, the number of elements of the mesh was 
doubled as seen in Figure 5.7 and then quadrupled to ensure mesh convergence. The new 
meshes of 1267 and 2214 elements were then subjected to the same testing conditions. The 
resulting maximum deflection of the 1267-element mesh was 0.96% greater than the course 
557-element mesh; while the 2214-mesh was only 1.3% greater than the 575-element mesh 
(Figure 5.8).  
To ensure that the mesh of 575 elements was not over refined, a coarser mesh was also 
examined. A mesh consisting of half the initial elements was generated and tested using 
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the same loading conditions. The mesh of 264-elements and 313 nodes had a max 
deformation 2.78% smaller than the 575-element mesh. The plot of FE convergence for the 
pillar model is shown in Figure 5.9.  It is seen that the error for using a much coarse mesh 
(264-element) was significant. On the other hand, further improving the mesh further 
would not improve the computational results and only increase computational cost. 
Therefore, it was decided that the 575-element mesh was used for all future analyses.   
 
(A) (B)  
Figure 5.7: FE models with mesh densities of (A) 575 elements (B) 1267 elements. 
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(A)  (B)  
Figure 5.8: The displacement contours of two FE models with mesh densities of (A) 575 
elements (B) 1267 elements. 
 
 
Figure 5.9: The convergence plot of the A-pillar FEA model. 
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5.2.2.2 Orientation dependence of A-pillar structure 
The 3D printed A-pillar was designed and optimized by using the finite element method. 
The first design of the A-pillar model consisted of all filaments aligned parallel to the load 
being applied, [0]24. Subsequent designs consisted of filament orientations with alternating 
angles in a 15 degree increments until the 45, -45 degree orientation is reached, [±15]24, 
[±30]24, [±45]24. Each A-pillar model was then tested in compression, the procedure 
specified by the Federal Motor Vehicle Safety Standard (FMVSS). Figure 5.10 shows the 
contour of maximum deflection of the A-pillar structure at each design and Figure 5.11 
illustrates the orientation dependency of 3D filament on the maximum deflection.  
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Figure 5.10: The resulting displacement of 3D-printed A-pillars in increasing order of 
alternating 15 degree increments. 
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Figure 5.11: Maximum deflection of A-pillar structure with respect to fiber orientations. 
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orientation of 0, 45, -45, 90 degree fiber orientation, [0/±45/90]6. This produces a 
symmetric and balanced lamina; however, due to its lack of orientation with the load 
direction it could result in a large deflection. The fiber orientation pattern was repeated 
every 4 layers with 6 repeated sets for a total of 24 layers (Figure 5.12). 
Another more complex fiber orientation tested is the Quasi-isotropic laminate ply 
orientation. This refers to a laminate consisting of laminas oriented in such a way that it 
produces an isotropic [A] matrix; meaning that the extension and shear are uncoupled 
(Equations 5.1-5.2). A quasi-isotropic laminate composite has fiber orientations that are 
dependent on the total number of laminas to be combined. The equation used to calculate 
fiber orientation for the individual plies in a quasi-isotropic composite is as follows 
 
θk = π(k−1)n        (5.6) 
 
where k is the layer number of the laminate, n is the total number of laminate layer, and θk 
is the fiber orientation of the kth layer of the laminate. A base angel of 0 degrees and 24 
layers was used to determine the fiber orientations as seen in Figure 5.13. 
These two new designs were by following the same testing procedures described earlier. 
The results showed that for the A-pillar with the six repeated sets (of 0, 45, -45, and 90 
degrees), it preformed closely to the alternating 45 degree fiber orientation pillar with a 
maximum deformation of 0.11091 meters (Figure 5.12). It is theorized to perform slightly 
better than the alternating 45-degree orientation due to some of the fibers being oriented 
parallel to the direction of the force applied tough the 90-degree fiber layers decrease the 
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overall performance. The quasi-isotropic A-pillar results are also very similar to the 
alternating 45-degree fiber orientation with a maximum deformation of 0.11091 meters 
(Figure 5.13). 
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Figure 5.12: Design and testing result of A-pillar structure in [0/±15/90]6. 
101 
 
 
Figure 5.13: Design and testing result of A-pillar structure in the quasi-isotropic pattern. 
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5.3. 3D Printing and Testing of A-pillar Structure 
5.3.1. 3D printing and testing of A-pillars 
To validate the designs of A-pillars proposed in Section 2, actual pillar structures were 
fabricated through 3D printing and then tested in compression.  
The material used in the experiment was acrylonitrile butadiene styrene (ABS), purchased 
from Shenzhen Esun Industrial Co., Ltd. The filament was in the form of wires, with a 
nominal diameter of 1.75 mm. The Flash Forge 3D printer was used to fabricate the pillars. 
The actual A-pillar has a dimension of  0.54m x 0.1m x 4.8mm (height, width, thickness), 
which is too large to be printed and tested through conventional laboratory equipment, so 
a scaled model was used. The scaled model was a 1/3rd of the original structure, so it had a 
height of 0.18 and a width of .1m (Figure 14A).  The thickness of the samples for both the 
computational models as well as the physical models remained the same. The 3D printer 
used for sample manufacturing was simply not capable of printing layers with the 
appropriately scaled thicknesses. For the sake of simplicity, the samples were also printed 
flat along the build plate effectively removing the curvature of the A-pillar samples. The 
CAD model of the scaled pillar was designed by SolidWorks from Dassault Systems and 
then saved as STL file. This turned the model into a set of two-dimensional domains with 
evenly spaced parallel planes, which was exported to the slicing software, Simplify 3D, in 
the Flash Forge 3D printer.   
In consistence with the numerical studies, six different pillar designs were evaluated: 
Design 1 [0]24, Design 2 [±15]12, Design 3 [±30]12, Design 4 [±45]12, Design 5 [0/±15/90]6, 
and Design 6 quasi-isotropic. Once the parts finished printing, they were removed from the 
printing bed and allowed to settle overnight before testing. Similar to the numerical testing, 
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the printed pillars were tested in compression by using the PASCO Materials Tester (Figure 
5.14 B).  The load-deflection data were saved for subsequent analysis.  
 
(A)        (B)  
Figure 5.14: (A) Scaled A-pillar and (B) An A-pillar tested under compression. 
 
5.3.2. Experimental results and analysis 
Figure 15 illustrates the elastic responses of the 3D printed A-Pillars for the first four 
designs:  [0]24, [±15]12, [±30]12, [±45]12, where the angles are defined in the local coordinate 
system (the vertical axis is the reference). During the tests, the pillar structures were 
compressed in the vertical direction.  As expected, the pillar with 0 degree orientation has 
the highest stiffness (slope of the load-deflection curve). As the orientation increases, the 
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stiffness of the pillar decreases. The trend is consistent with the results observed in 
experimental testing (chapter 4) and computational simulation (chapter 5).  
However, the pillar in 0-degree orientation exhibits lower maximum strength compared to 
other designs (Figure 5.16). The reason may be due to the poor lateral stiffness: when the 
filaments are all aligned in the vertical directions, the bonding between filaments may be 
relatively poorer.     
Figure 5.17 displays the load-deflection responses of all A-pillar designs.  It is seen that 
the pillars in “repeated” design and quasi-isotropic design have slightly better elastic 
responses. The reason may be due to the fact that both designs have balanced structures. 
For example, in [0/±15/90]6 design, the 0-degree filaments are balanced by the 90-degree 
filaments. As a result, there is a better bonding between filaments in all directions.  
Figure 18 shows the comparisons between experimental testing and FEM simulation. Since 
the parts used in the testing was scaled-down versions of the actual parts (used in FEM), 
only the trends from each study are compared. As the filament orientation increases, the 
deflections are seen to increases.   
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Figure 5.15: The load-deflection responses of A-pillar structures in symmetric designs: 
the small-strain elastic responses. 
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Figure 5.16: The load-deflection responses of A-pillar structures in symmetric designs: 
the large-strain plastic responses. 
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(A)
 
(B)
 
Figure 5.17: The load-deflection responses of A-pillar structures in all designs: (A) 
elastic responses and (B) large-strain plastic responses. 
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Figure 5.18: Comparisons of A-pillar designs between computational simulations and 
experimental testing. 
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versatility of the simulating software also allowed for the testing of more complex 
structures such as the vehicular A-pillar with center gap. 
The A-pillar model was replicated from Vaidya Sajiree et al. and showed the same results 
for a HMCF composite laminate. The same model was then treated as a 3D-printed object 
and tested similarly to the rectangular bending specimens. It seemed that although the 
geometry of the object was more complex, the fiber orientation still played a significant 
part on the properties of the laminates. Agreeing with the previous chapter results, the 
laminates preformed best when the fibers are oriented parallel to the direction of the applied 
force. The computational model also showed that the more complex fiber orientations (such 
as the quasi-isometric fiber orientations), do not necessarily create laminates with more 
preferable properties. In fact the preformed intermediately between the two worst simple 
fiber orientations of alternating 30 and 45 degree fiber orientations. 
With this information, similarly to multi-ply composites, the fiber orientations of the 3D-
printing process can be “designed” or “tailored” by using the Laminate Composite Theory. 
This optimizing can allow for the ability to produce parts with the optimal microstructure 
and mechanical properties to better satisfy the specific needs. 
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Chapter 6: Summaries and Future Works 
 
6.1. Overall summaries  
While 3D printing can prove advantageous in that it can rapidly produce parts in a cost-
effective manner, it fails to match the superior mechanical properties of parts manufactured 
using conventional methods such as compression molding. It has been shown that the 
compression molded process produces consistent products despite alterations in the 
production process (I.E. curing time). The 3D printing process does not follow this trend, 
it instead shows that slight alterations (such as orientation on printing bed) can have a 
considerable effect on the mechanical properties of the final product. An example of this 
being the experiments conducted in chapter 3 and how they agree with that published by 
Es-Said et al. in that the alignment of layers can play a significant role. The results in 
chapter 3 showed that the orientation of the infill of a 3D printed part can also have an 
effect on the products mechanical properties. Chapter 3 also showed that the actual 
machine used could also play a significant result even if the same settings/preferences are 
used. Three printers were examined along with their default slicing programs and showed 
up to a 50% difference in Young’s modulus and a 19% difference in ultimate strength 
(position 1 between Tevo Tornado and Prusa i3 printers, [Table 3.2]). Another significant 
result is the decrease in toughness when switching from positions I&IV to positions II&III 
along the print bed. The toughness of the tested samples dropped to nearly half of their 
tested values when the position was switched from orientations orthogonal to the infill 
(I&IV) to at an angle with the infill (II&III). Even with the optimal sample positioning or 
the printer with the best printing properties, the samples failed to exceed or match the 
mechanical properties of the compression molded samples.  
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The Laminate Composite Theory was then utilized to determine the material properties of 
3D printed samples with linear infill patterns. The 3D printed samples were treated as 
laminate composites and using its material properties, optimal orientations could be 
determined. The results from chapter 4 showed how for both the tensile and bending testing 
the 0 degree fiber orientation had the most favorable responses. In Young’s modulus, 
maximum strength, and toughness, the 0 degree samples surpassed all other orientations 
tested similarly to a laminate composite. One disparity between the laminate composite 
theory and the experimental results is the sudden drop in mechanical properties between 
the 0 and 30 degree samples in tensile testing. It is not fully understood why a slight 
deviation from being parallel to the applied force performs worse than a complete 
misdirection (30 degree vs. 90 degree), as this does not agree with the computational results 
using the laminate composite theory. The bending samples however, did perform as 
expected according to the laminate composite theory for all orientations tested. From 
experimental testing, it was shown that the 3D printed samples could be theoretically 
“tailored” to an optimal position ang infill angle to more closely represent a compression 
molded sample.  
While the optimal orientations for simple geometries such as the rectangular specimens 
could be determined relatively easily, more complex geometries would require more 
complex solution methods. In chapter 5 the further use of the laminate composite theory 
and oriented laminas utilization Finite Element Analysis software was explored. A model 
of a composite A-pillar theorized by Vaidya Sajiree et al. was used as the complex 
geometry for further analysis.  
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6.2. Future works  
In this thesis, we have thoroughly examined the processes of 3D printing and their impacts 
on mechanical properties of the finished parts. We have proposed the optimal 3D printing 
processes based on the laminate composite theory. The work presented in the thesis has so 
far been limited to one unfilled plastic only – the acrylonitrile butadiene styrene (ABS).  
The ABS plastic is a material with a relatively low transitioning temperature (~100oC). 
One future work is to examine materials with varying transitioning temperatures, 
particularly the materials with relatively high transitioning temperatures (e.g., the Nylon, 
which has a melting temperature of ~200oC).    
Another work is to extend the current study to fiber-reinforced plastic composites. Fiber 
composites have been increasingly used for structural applications and a study on 3D 
printed composites would be a great benefit to many industries.  It is expected that, with 
the presence of rigid fibers, the parts produced by 3D printing would exhibit even greater 
anisotropicities than the unfilled plastics.   
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